Unconventional Upper- and Lower-Critical Fields and Normal-State Magnetic 
Susceptibility of the Novel Superconducting Compound Nao.35CoO2 l.3H2O 
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Magnetic properties of the novel layered superconductor, Nao.35CoO2-l.3H2O have been inves- 
tigated. From the temperature dependence and field dependence of the magnetization, the super- 
conducting transition temperature, as well as upper- and lower-critical fields have been estimated 
to be Tc = 4.6 K, ii"c2(0) = 61.0 T and Hci{Q) = 28.1 Oe. These values give quite unusual 
phenomenological parameters, i.e., coherent length, penetration depth and Ginzburg-Landau pa- 
rameter of ^ = 2.32 nm, A = 5.68 x 10'^ A and k = A/^ = 244, suggesting an unconventional nature 
of superconductivity. Normal-state magnetic susceptibility shows an upturn below 130 K, which is 
confirmed to be inherent by high-field magnetization data. The upturn may have relevance to the 
mechanism of the superconductivity. 



Very recently, a novel Co oxide, Nao.35CoO2-l.3H2O, 
was found to be a superconductor with Tc —5 K[l|. 
This compound is the first to be discovered supercon- 
ducting Co oxide and moreover, it has been claimed that 
there is a marked resemblance between this compound 
and high Tc cupratesQ, Q- The first similarity is that 
the compound has a layered structure composed of two- 
dimensional (2D) C0O2 planes, separated by a thick insu- 
lating layer of Na ions and water molecules. As is widely 
known, high Tc cuprates have also layered structures 
with 2D Cu02 planes which play an essential role in the 
high Tc superconductivity. The second similarity is re- 
lated to valences and spin states of the transition metals. 
The Cu ions of the high Tc cuprates are of mixed- valence 
states by hole doping; Cu^+ (S=l/2) ions are partially 
oxidized to Cu'^"'" (S=0) ions. In a similar way, the Co 
ion in the Co oxide is either Co**"*" (d^) or Co'^"'" (d^) with 
a spin state of S=l/2 or S=0, respectively, assuming low- 
spin configurations. 

It is also worth noting that there is an obvious differ- 
ence between the two systems. In a high Tc cuprate, the 
Cu atoms form a square lattice, whereas the Co atoms 
form a triangular lattice in the present material. This ge- 
ometric difference appears to be quite important because 
it is related to the magnetic ground states of the mother 
compounds. In the nondoped Cu02 planes with Cu^+ 
(S=l/2) ions, antiferromagnetic long-range order is the 
ground state, but such a simple picture is not applicable 
for the hypothetical nondoped C0O2 plane with Co^+ 
(S=l/2) ions because of geometric frustration expected 
for the triangular lattice. Thus, it is not clear whether 
the ground state of the C0O2 plane is an antiferromagnet- 
ically ordered state or a resonating- valence-bonds (RVB) 
stateH. An additional difference is that the holes of a 



high Tc cuprate exist in the Cg orbitals, while the elec- 
trons of the Co oxide exist in the t2g orbitals. 

Studies of the present Co oxide have just begun, and 
its fundamental superconducting and normal-state prop- 
erties still need to be investigated. In particular, mag- 
netic properties seem to be of primary importance. Such 
investigation may lead to understanding of supercon- 
ductivity not only of the Co oxide but also of high Tc 
cuprates. Here, we report upper- and lower-critical fields 
and normal-state magnetic susceptibilities up to 55 T for 
the superconducting Co oxide and they are discussed in 
comparison with those of conventional superconductors 
and high Tc cuprates. 

A powder sample was synthesized as described in 
the previous report Q. The sample was shown by 
powder X-ray diffraction to be single phase with 
Nao.35CoO2-l.3H2O. The magnetic data below 7 T were 
collected with a SQUID magnetometer (Quantum De- 
sign MPMS-XL7). All the measurements were done un- 
der zcro-ficld-cooling condition. The high-field magne- 
tization measurements were performed by using a pulse 
magnet at KYOKUGEN in Osaka University. 

Typical magnetization/magnetic field (M/H) data are 
shown as a function of temperature in Fig. Q^a). For 
H > 7 kOe, magnetic susceptibility was not negative 
down to 1.8 K but the superconducting transition was 
observed as a downturn of M/H. The transition temper- 
ature (Tc) could be determined by the simple straight 
line fit as shown in Fig. ^a), for given H of 0.02, 
0.1, 0.5, 1, 2, 4, 7, 10, 15, 20, 30, and 40 kOe. For 
H > 50 kOe, however, the superconducting transition be- 
came quite broad and Tc could not be determined with- 
out seriously large uncertainty. This procedure gives an 
upper-critical field {Hc2) versus temperature relation of 
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FIG. 1: (a) Temperature dependence of the magnetization 
under various fields. Each curve except that under 1 T is 
offset for clarity, (b) Field dependence of Tc- The dotted line 
is the result when fitted by a linear function. The inset shows 
M/H data at 20 Oe. 

Hc2{T) = 88.0- 19.3r, as shown in Fig. ^b). From this 
equation, Tq &t H = and dHc2/dT \tc are calculated 
to be 4.56 K and 19.3 T/K, respectively. The value of Tc 
obtained at _ff = agrees well with the onset Tc deter- 
mined from the susceptibility data at = 20 Oe (see the 
insert of Fig. H^^)) but slightly lower than that in the pre- 
vious reportflj. The initial slope, dHc2/dT \tc, is much 
larger than the ~7.5 T/K of a molybdenum chalcogenide 
which had been known to have the highest initial slope 
before the discovery of high Tc cuprates 4j . 

According to the Werthamer-Helfand-Hohenberg 
(WHH) formulai5|, 

Hc2{0)^0m3{^\Ta)Tc, (1) 

Hc2{0) is calculated to be 61.0 T. In high Tc cuprates, 
Hc2 does not always have a strictly defined meaning. 
This may also be the case for the present system. Cor- 
responding to the high Hc2 value, a quite small coher- 
ent length, ^ — 2.32 nm, is obtained according to the 
formula, Hc2 = '^o/Stt^^ {^q- fluxoid quantum). This 
length is comparable to those of high Tc cuprates but 
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FIG. 2: Temperature dependences of Hci- The dotted line is 
the result when fitted by Eq. |5] The inset shows the magne- 
tization curve at 1.8 K. The solid lines are the linear function 
and the parabola for the estimation of Hc\ (see the text). 

far smaller than those of conventional superconductors. 
The present compound has highly 2D structure with a 
hexagonal lattice and strong anisotropy is expected for 
the superconducting properties. Since H^l^"^ <^ H^2°''^ 
by analogy of high Tc cuprates, Hc2 determined above 
reflects H^2°'^{^ ^a/'^T^^abS.c) and ^ = 2.32 nm is an av- 
erage of -\/^afcCc (6- the coherent length of j-direction). 
For further discussion of the anisotropy, we need single 
crystal data, though single crystal growth seems quite 
hard for the present system. 

The temperature dependence of the lower-critical field 
Hci is shown in Fig. [3 The Hci values were deter- 
mined from M-H curves below 100 Oe at various tem- 
peratures. The magnetization decreases as M = xH with 
increasing applied field below Hci and starts to deviate 
from the straight line at Hci- According to the Bean's 
critical-state model 6], the deviation, AM, from the lin- 
ear function may be calculated as V AM oc —Hci+H^. 
However, \/ AM of our data did not obey well this linear 
relation. This might be due to the shape effect which is 
not taken into account in the model. The simple straight 
line fit used in the Hc2 determination was not appropri- 
ate to estimate Hci because the result depended largely 
on the range of fitting for the data above Hci- Instead, 
we represented the M-H curve above Hci by a quadratic 
function and Hci{T) was determined from the intersec- 
tion point of the quadratic curve and the straight line 
which was obtained for the low field data. The Hci{T) 
values obtained were fitted by the function: 

Hci{T) = Hcimi-{T/Tc)\ (2) 
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FIG. 3: Temperature dependence of the magnetic suscepti- 
bility measured under 1 T. The solid line is the result when 
fitted by Eq. 0] The dotted lines represents the Pauli para- 
magnetic terms of Eq. |1] 



where iJci(O) and Tc were fitting parameters, resulting 
in iJci(O) = 28.1 Oe and Tc = 4.59 K. The Tc thus 
calculated agrees very well with that determined from 

Hc2- 

From Hci{0) and ^, the penetration depth can be cal- 
culated to be A = 5.68 x 10^ A by the formula, 



Hci — 



^0 , .A 



(3) 



The Ginzburg-Landau (GL) parameter, k = X/(, — 244, 
is much larger than the parameters of conventional su- 
perconductors (it is even larger than those of high Tc 
cuprates) , suggesting that the present compound belongs 
to an extreme type II family. Since H^(^'' > H^(^°''' is 
expected by analogy of high Tc cuprates, Hci in Fig. 



n reflects mainly iJ^^ and both the A and k values 
should be considered as some averages of those along the 
c axis and along the ab plane as in the case of ^. However, 
even taking into account this limitation, the phenomeno- 
logical parameters obtained in the present study are quite 
unusual. It is strongly suggested that the present com- 
pound is an unconventional superconductor as expected 

by theoreticiansd,!^. 

The magnetic susceptibility measured under 10 kOe is 
shown in Fig. 13 The susceptibility decreases first with 
decreasing temperature and then increases between Tc 
and 130 K. Assuming this upturn is due to a magnetic 
impurity and/or crystal defects, we fit the data between 
20 K and 250 K by the equation: 



X = xo + AT^ 



C 



T - 



(4) 
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FIG. 4: Magnetization curve at 4.2 K. The dotted line is the 
result when fitted by a linear function. 



where the first and the second terms are due to Pauli 
paramagnetism. The parameters obtained are xo = 
3.02 X 10"'' emu/mol, A = 1.25 x 10^ emu/K^mol, 
C = 1.31 X 10-2 emu-K/mol, and Q = -37.6 K. The 
solid line in Fig. represents Eq. 0] and seems to re- 
produce the data well. On the other hand, as seen in 
Fig. ^ high-field magnetization increases linearly with 
increasing field above 15 T. Thus, if the Curie- Weiss-like 
upturn is caused by the magnetic impurity, its magneti- 
zation must be saturated above 15 T. In other words, the 
slope of the magnetization above 15 T should be equal 
to the magnetic susceptibility corresponding to the Pauli 
paramagnetism terms. However, the value of 4.9 x 10"''' 
emu/mol, which was calculated from the slope of the 
magnetization between 15 T and 30 T, is different from 
3.02 X 10"'' Xo + A X 4.2^) emu/mol, obviously be- 
yond experimental uncertainty. This result suggests that 
at least a part of the upturn reflects the intrinsic na- 
ture of the compound. The magnetic susceptibility of 
Nao.5Co02 also increases with decreasing temperature 
owing to a kind of spin fluctuation ^3 • ^in exam- 
ple showing such an enhancement of susceptibility, the 
La-doped Sr2Ru04 has been reported llll a nd its mother 
oxide is a spin triplet superconductor [l2|. As well as 
the unconventional superconducting parameters, this en- 
hancement may have relevance to the mechanism of the 
Cooper pair formation^. 

In summary, from M-T and M-H curves, supercon- 
ducting transition temperature, as well as upper- and 
lower-critical flelds are estimated to be Tc = 4.6 K, 
Hc2 = 61.0 T and Hci = 28.1 Oe, for the novel Co ox- 
ide superconductor of Nao.35CoO2-l.3H2O. The coherent 
length, penetration depth and GL parameter are calcu- 
lated to be ^ = 2.32 nm, A = 5.68 x 10^ A and k = 244. 
These phenomenological parameters are quite unusual 
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and strongly suggest that the superconductivity is un- 
conventional. The normal-state magnetic susceptibility 
is also presented for the first time. It shows an upturn 
below 130 K and at least a part of the upturn is suggested 
to be inherent. This normal-state magnetic behavior may 
have relevance to the mechanism of the Cooper pair for- 
mation. 
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